The Oxford research has explored a wide range of instruments as part of a broader research agenda into sensor validation (SEVA [1] ), including temperature, pressure and differential pressure sensors, other flow meters (e.g. vortex and electromagnetic), and actuators such as valves and railway points machines. However, it is the group's work on Coriolis mass flow metering for which it is best known.
A Coriolis meter (Figure 1 ) consists of an (essentially mechanical) vibrating flowtube through which the process fluid passes, and an (essentially electronic) transmitter. The transmitter maintains flowtube vibration by sending a drive signal to one or more drivers (d 1 , d 2 ), and performs measurement calculations based on signals from two sensors (s 1 , s 2 ). The phase difference between the signals from sensors s 1 and s 2 is used to calculate the mass flow rate. The frequency of oscillation varies with the density of the process fluid: its value is extracted from the sensor signals so that the process density can also be calculated. The design and material selection of the flowtube determine the frequency range of the meter: the socalled "bent" tubes (as shown in Figure 1 ) typically oscillate between 50 -150 Hz, while the "straight" flowtube geometries may oscillate at up to 1 kHz. The flowtube temperature is also monitored to provide temperature-based corrections to the mass flow and density measurements.
Coriolis meters offer many benefits, including high accuracy (to 0.1% for steady flow rates), and good turndown (100:1 or better), while their limitations have included poor dynamic response and an inability to maintain operation when exposed to multi-phase flow. A user perspective on Coriolis as an "almost perfect" flowmeter is given by Reizner [2] . The UTC has pioneered the use of fully digital transmitter technology, including a digitally generated drive waveform, being early adopters of Field Programmable Gate Array (FPGA) technology for instrumentation applications [3] . The resulting series of prototypes for digital Coriolis metering have demonstrated a very rapid dynamic response and a multi-phase flow measurement capability.
Dynamic response can be characterised by the delay between a step change in the actual flow and the corresponding change in the output of the transmitter. This issue has been investigated in a joint EPSRC-funded project in partnership with Prof. Colin Clark and Dr. Bob Cheesewright of Brunel University (2003-5). The resulting optimal transmitter exhibits very fast dynamic response: the time delay for a "bent" flowtube (driven at 80Hz with measurements update rate of 6ms) is approximately 16ms, while for a "straight" flowtube (driven at 800Hz with measurements update rate of 0.6ms) is only 4ms, [4] . Fast dynamic response of the flowtube control system is also the basis for the multi-phase capability of the meter. Multi-phase flow introduces highly variable damping on the flowtube, up to three orders of magnitude higher than in single phase conditions, requiring agile and precise control, for which a non-linear control algorithm has been developed [5] . In addition, the mass flow and density measurements generated under multi-phase flow conditions are subject to errors, for which correction algorithms must be defined and implemented.
Some 22 US and UK patents have been granted to the UTC on Coriolis mass flow metering, with a further 27 US patent applications published. Invensys' CFT-50 product, based on UTC technology, was launched in 2002, winning the Control Engineering Magazine's Editor's Choice award and Best New Product at the ISA Expo in Houston in that year. A significant proportion of UTC research time has been spent developing novel applications for Coriolis technology, many of which are for the Oil and Gas industry.
The most apparent Oil and Gas applications for exploiting the new Coriolis metering technology are upstream, where the process fluids are inherently multi-phase. A Coriolis meter measuring two parameters -mass flow and density -is theoretically able to resolve a two-phase (liquid/gas) mixture, and many successful applications have demonstrated that this can be achieved in practice (see for example the work on viscous oil in Venezuela [6] ). However, unless simplifying assumptions are made, a Coriolis meter cannot on its own resolve the general three-phase oil/water/gas mixture that characterises most oil well production: its use in combination with another instrument, such as a water cut or void fraction meter, is showing considerable promise.
Currently there is strong interest in alternative upstream metering technologies, particularly in the USA. Several drivers may be identified. Most obviously, the historically high price of oil encourages capital investment, whether in newly drilled wells or for optimising production in mature oil reservoirs. However, a rising concern for environmental issues is also discernable, through increasingly stringent regulations and associated maintenance costs.
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This clearly applies to radiation-based metering techniques, but consider, for example, the widely-used technique of splitting the liquid and gas phases from an oil well in a separator, and metering each stream separately using conventional single-phase instruments. It has been common practice for dozens of wells to share one "test" separator, so that an estimate of the yield of each well is obtained no more than once a month or so, based on a round-robin scheme where each well in turn is attached to the separator for one full day. Several factors combine to make this approach less attractive than previously. The estimate of each well's yield is not especially accurate and is updated infrequently. With the high price of oil this is increasingly seen as unsatisfactory both as a means of allocating revenue to stakeholders, and for providing accurate real-time data for oil reservoir management. Environmentally, separators are liable to leak emissions, especially gas: the maintenance burden to avoid such emissions is growing. The new multi-phase Coriolis meter technology offers an attractive and low cost alternative -continuous monitoring for each well, no maintenance and no emissions. A number of on-going field trials are exploring the replacement of test separators with Coriolis meters.
Oil and gas applications for the new Coriolis technology are not restricted to the upstream sector. Custody transfer of downstream products can benefit from two-phase metering capabilities where air entrainment or batching from empty is unavoidable. Even for purely single phase custody transfer applications, a fast dynamic response is necessary for Coriolis meters to provide a low maintenance replacement for mechanical positive displacement meters, given the API/ISO requirements of 0.05% repeatability when tested against small volume provers [7] . For this special issue, three novel applications of digital Coriolis mass flow metering in the Oil and Gas industry are presented. Common themes are the increasing value of the commodity, rising standards for environmental protection, and the need for reliable, continuous monitoring of two-phase flows.
The first paper describes Coriolis metering applied to closed-loop control of low pressure two-phase carbon-dioxide, which is being injected into a mature oil reservoir to maintain its pressure and hence its oil yield. The lead author is Todd Green of Kinder Morgan, who oversaw the procurement and installation of the scheme, and has continued to manage it over the last four years.
The second paper describes a trial using a large (200mm) Coriolis meter for custody transfer of marine fuel. Entrained air is commonplace in so-called bunker transfers, so conventional metering cannot be used reliably. The lead author is Don Gregory, Director, Environment and Sustainability for BP Marine, and until recently the Chairman of the International Bunkering Industry Association (IBIA). BP has been collaborating with Oxford and Invensys to develop a metering solution which can provide "irrefutable quantity measurement". After laboratory tests at the National Engineering Laboratory in the UK, a prototype skid is currently on trial on a bunkering vessel in Singapore.
Metering wet gas (i.e. measuring both the gas and liquid components where the Gas Volume Fraction exceeds 95%) presents very different challenges for the Coriolis mass flow meter, including the low mass flow rates of the gas and liquid components for a given acceptable pressure drop. In the third paper, lead authors Robbie Lansangan and Jacob Skinner of BP America describe extended trials at the Wamsutter gas field in Wyoming, and at the CEESI laboratory in Colorado, carried out using a prototype meter developed at Oxford. The trials demonstrate the viability of an on-line Coriolis meter-based wet gas measurement system. In summary, the Invensys UTC at the University of Oxford has pioneered new Coriolis meter technology that is being applied to solve a diverse range of important industrial measurement problems. Commercial and environmental pressures will ensure that the Oil and Gas sector remains a very active area for new Coriolis applications for the foreseeable future. 
